We demonstrate the role of catalysts in the surface growth of single-walled carbon nanotubes (SWNTs) by reviewing recent progress in the surface synthesis of SWNTs. Three effects of catalysts on surface synthesis are studied: type of catalyst, the relationship between the size of catalyst particles and carbon feeding rates, and interactions between catalysts and substrates. Understanding of the role of catalysts will contribute to our ability to control the synthesis of SWNTs on various substrates and facilitate the fabrication of nanotube-based devices.
Introduction
Single-walled carbon nanotubes (SWNTs) are a kind of one-dimensional nanomaterial that promise to be one of the outstanding candidates for the stateof-the-art silicon industry of the future [1 3] . The controlled synthesis of SWNTs on surfaces has been thought of as the fi rst and crucial step in the bottomup approach to construct highly integrated carbon nanotube (CNT), based circuits on chips [4, 5] . However, compared with the rapid development of the bulk synthesis of SWNTs in the 1990s, progress in the surface growth of SWNTs was very slow until the fi rst patterned growth of SWNTs on silicon wafers by chemical vapor deposition (CVD) in 1998 [6] . The reason is that the study of surface science was just at a beginning stage in the last century, and experimental and theoretical results were insuffi cient for a deep understanding of the surface growth of SWNTs. In particular, the roles of catalysts in the surface growth are more complicated than in the bulk synthesis. The key factors which can effect the surface growth of SWNTs are not only the catalytic abilities of catalysts themselves, but also the interactions between catalysts and substrates and the relationship between catalysts and carbon feeding rates.
Recent investigations into the chemistry and physics involved in the interactions between catalysts, substrates, and carbon feeding gases, has led to many advances in the control of diameters [7 15 ] and alignments [16 21] of SWNTs, and even in the selective growth of a high percentage of semiconducting [22, 23] SWNTs. Herein, we will discuss and summarize the effects of catalysts on the surface growth of SWNTs by the CVD method through presenting some outstanding work in the area of surface synthesis.
Effects of the type of catalysts
O v e r t h e p a s t t e n y e a r s , m u c h research has involved the seeking of new catalysts for improving the controllability and efficiency of SWNT growth. So far, besides the common iron-group metals (Fe, Co, Ni), various metals such as Au [24, 25] , Cu [22, 26, 27] , Pd [28] , Ag [29] , Pt [29] , Pd [29] , Mn [29] , Mo [29] , Cr [29] , Sn [29] , Mg [29] , and Al [29] , have also been explored as catalysts for the growth of SWNTs on silicon or quartz substrates ( Figs. 1 and  2 ). Especially copper, which was once considered the metal with the poorest catalytic effi ciency for CNT growth, has been experimentally proven to have high activity in catalyzing the growth of dense aligned SWNT arrays on silicon [27] or quartz wafers [22, 26, 29] . 
Importance of monodisperse catalyst nanoparticles in the surface growth of SWNTs
The solubility of carbon in catalyst particles and the precipitation rates of carbon from catalyst particles both show great dependence on the size of catalyst particles, because quantum size effects greatly influence the properties of the catalyst particles when the size of particles is below ten nanometers [35] . Our earlier work has demonstrated that under Moreover, semiconductor and oxide nanoparticles, such as Si [30] , Ge [30] , SiC [30] , SiO 2 [31, 32] [32] , and Er 2 O 3 [32] , have also been successful in catalyzing the surface growth of SWNTs, which challenges the traditional opinion that metals are necessary for catalyzing the growth of SWNTs according to the vapor liquid solid (VLS) mechanism [33] . The variety of catalysts used in surface growth indicates that the type of catalyst is not critical for catalyzing the growth of SWNTs. According to our understanding of the surface growth of SWNTs, it is much more important to optimize other growth conditions by changing experimental parameters such as growth temperatures and carbon feeding rates.
On the other hand, it should be noticed that there is some evidence of a narrow (n, m) distribution of SWNTs synthesized by Co Mo catalysts in the bulk synthesis [34] , indicating that it is possible to precisely control the species of SWNT formed by using a certain type of catalyst. However, in the area of surface synthesis, few similar results have been reported because of the difficulty in identifying all indices (n, m) of SWNTs on a surface using currently available techniques. Nano Res (2009) 2: 593 598 a given CVD condition there is an optimal particle diameter to nucleate SWNTs with a fi xed feeding rate of carbon. Smaller nanoparticles are easily poisoned due to "overfeeding", and larger nanoparticles are inactive due to "underfeeding" [36] . We also found that even for the same catalysts, the optimal feeding rates of carbon in the nucleation stage and the growth stage of SWNTs are different [37] . A narrow diameter distribution of SWNTs can be realized by merely controlling the carbon feeding rates, even when the catalyst particles have a wide distribution of diameters [36] . However, in order to obtain highly efficient growth of SWNTs with uniform diameters on surfaces, both exact control of the size of catalyst nanoparticles and choice of a proper feeding rate of carbon are necessary. There are a considerable number of papers presenting methods to control the size of catalyst nanoparticles, including direct synthesis of monodisperse nanoparticles by thermal decomposition of metal carbonyl complexes [7] , by using metal-containing proteins [9, 10], polymers, and identical molecular nanoclusters as catalyst precursors [11, 13 15], and by using block copolymer micelles [38] or dendrimers [8] as synthetic templates for catalyst nanoparticles. Furthermore, it has been shown that the presence of polymers in the catalyst precursors not only contributes to the synthesis of monodisperse catalyst nanoparticles, but also can effectively prevent the aggregation of catalyst particles on the surface during the process of solvent evaporation. Well-dispersed catalyst particles on the substrates are crucial for realizing the highly efficient synthesis of SWNTs on substrates. For example, selfassembled block copolymer micelles were found to be good templates for tuning the spacing between catalyst nanoparticles on silicon wafers (Fig. 3 , where AFM is atomic force microscopy; SEM is scanning electron microscopy) [38] . Another function of some photosensitive polymers is to fabricate catalyst patterns on the substrates and thus afford ordered structures of SWNTs on chips (Fig. 4) [39] .
Interactions between catalysts and substrates
The interactions between catalysts and substrates can be generally described as van der Waals forces Reproduced from Ref. [39] or/and chemical reactions. A deep understanding of these interactions can guide us in predicting experimental results and explaining various growth phenomena. In the nucleation stage of CVD growth, the interactions between catalysts and substrates play a dominant role. For example, in the "fastheating" processes used to synthesize horizontal SWNT arrays on silicon wafers, the key step is to lift up the catalyst nanoparticles by overcoming their interactions with the substrate surface and let them float with a tube tailor (Fig. 5) [40] . Otherwise, the orientations of SWNTs cannot be guided by the gas fl ow due to the strong interactions between catalysts (a) (b) Nano Res (2009) 2: 593 598 and substrates resulting in catalysts staying on the surface. Therefore, weakening the interactions between catalysts and substrates can improve the growth effi ciency of long SWNTs (Fig. 5) [27] . On the other hand, some transition metals such as Fe and Co can easily react with silicon and form silicides by diffusing through the SiO 2 layer, or react with SiO 2 and form silicates or covalent bonds with SiO 2 . These compounds have already been proven to be inactive for catalyzing the growth of SWNTs [41, 42] . In order to prevent catalysts from reacting with the silica surface and to decrease the interaction between catalysts and silica layers, a thin intermediate layer of Al 2 O 3 has been successfully used to enhance the growth efficiency of SWNTs [43] , especially for the synthesis of vertical SWNT forests on substrates (Fig.  6 ) [44, 45] . 
Conclusions
Our review of the many publications in the area of surface synthesis of SWNTs indicates that catalysts play a central role in the CVD growth of SWNTs. A good catalyst should be monodisperse on the surface of a substrate, be matched with an appropriate feeding rate of carbon, and have appropriate interactions with substrates. So far, the published results concerning catalysts have mainly focused on the synthesis of monodisperse nanoparticles and theoretical explanations of the reaction between catalysts and carbon feeding gases and there have been very few detailed experimental studies of the reaction pathways. Moreover, the interactions between catalysts and the surfaces of substrates need to be further investigated and characterized. Our research efforts in the future will gradually be moving from finding optimal CVD conditions to discovering the detailed mechanism of catalysis, facilitating control over the growth of SWNTs and fabrication of a real "carbon nanotube world" on chips. Nano Res (2009) 
